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CCR6 Mediates Dendritic Cell Localization,
Lymphocyte Homeostasis, and Immune
Responses in Mucosal Tissue
large number of B lymphocytes that continuously pro-
duce and secrete dimerized immunoglobulin (Ig) A into
the lumen of the intestine. In addition, the intraepithelial
lymphocytes (IEL) of the intestinal mucosa contain sev-
eral subsets of T lymphocytes, including those bearing
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into the underlying subepithelial dome (SED), where
mmature DC are thought to take up and process this
antigen, undergo maturation, and migrate to T cell±rich
Summary interfollicular regions for presentation of the antigen to
naive lymphocytes. DC are key mediators of immune
Chemokine-directed migration of leukocyte subsets responses because they are the only cells that can acti-
may contribute to the qualitative differences between vate naive lymphocytes (for a recent review, see Ban-
systemic and mucosal immunity. Here, we demon- chereau and Steinman, 1998). Different subpopulations
strate that in mice lacking the chemokine receptor of DC may induce different immune responses. DC iso-
CCR6, dendritic cells expressing CD11c and CD11b lated from Peyer's patches produce IL-10, induce B cell
are absent from the subepithelial dome of Peyer's production of IgA, and promote T cell production of cyto-
patches. These mice also have an impaired humoral kines associated with T helper type 2 (Th2) responses,
immune response to orally administered antigen and to whereas splenic DC induce IgM production and promote
the enteropathic virus rotavirus. In addition, CCR62/2 T cell production of Th1 associated cytokines (Spalding
mice have a 2-fold to 15-fold increase in cells of select et al., 1984; Spalding and Griffin, 1986; Everson et al.,
T lymphocyte populations within the mucosa, includ- 1998; Iwasaki and Kelsall, 1999). These different proper-
ing CD41 and CD81 ab2TCR T cells. By contrast, sys- ties of splenic and mucosal DC might contribute to the
temic immune responses to subcutaneous antigens in qualitative differences seen between mucosal and sys-
CCR62/2 mice are normal. These findings demonstrate temic immunity.
that CCR6 is a mucosa-specific regulator of humoral Control over immune responses in the intestine is also
immunity and lymphocyte homeostasis in the intesti- maintained by differential trafficking patterns of select
nal mucosa. lymphocyte populations. Naive lymphocytes enter Pey-
er's patches from the blood through high endothelial
venules (HEV). From there, these cells drain via lymphat-
Introduction ics to the mesenteric lymph nodes, eventually returning
to the general circulation. Lymphocytes activated in
The vast majority of foreign antigens that contact the Peyer's patches have a predisposition to recirculate, or
body do so at mucosal surfaces, particularly the intesti- home, back to the intestinal mucosa. They extravasate
nal mucosa. Lymphocytes in the lamina propria and from the blood at postcapillary venules within the lamina
epithelium of this mucosa are normally tolerant to the propria (LP) and establish residence there or in the intes-
large number of luminal antigens present in food and tinal epithelium. Thus, they are appropriately positioned
on commensal bacteria, yet they are able to mount a to encounter the same type of antigen that was originally
protective humoral and cell-mediated response against presented to them in Peyer's patch. Several families
enteric pathogens (Shroff et al., 1995). The cellular and of molecules have been shown to participate in this
molecular basis for this important distinction is not well mucosa-specific homing, including selectins, the immu-
understood, although it is likely related to several quali- noglobulin superfamily, and the a4b7 and aEb7 integrins
tative and quantitative differences between leukocytes (for reviews see Springer, 1994; Butcher and Picker,
in the mucosa and those found in peripheral lymphoid 1996).
tissues. For example, the intestinal mucosa contains a Another class of molecules, the chemokines, also me-
diates lymphocyte migration in vivo. The actions of che-
mokines in vivo have been best studied in inflammatory§ To whom correspondence should be addressed (e-mail: sergio.
lira@spcorp.com). settings (reviewed in Rollins, 1997), but these molecules
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are also associated with other physiologic processes, previously demonstrated in the thymus of C57BL/6 mice
but not of BALB/c mice (Tanaka et al., 1999), suggestingincluding lymphocyte homing (FoÈ rster et al., 1996, 1999).
The distribution of chemokine receptors varies among that expression of MIP-3a in the thymus varies de-
pending on mouse strain.different leukocyte populations, providing a potential
means by which appropriate leukocyte populations
might be selectively recruited during different types of
immune or inflammatory responses. However, the as- MIP-3a and CCR6 Expressed in Separate
but Adjacent Cell Populationssignment of precise biological functions to individual
chemokines and their receptors has been complicated As CCR6 and MIP-3a were both highly expressed in
Peyer's patches, we conducted a more detailed analysisby an extensive overlap in the binding of individual che-
mokines to different chemokine receptors. of this expression by in situ hybridization. Low magnifi-
cation of tissue sections showed that MIP-3a is ex-An exception to the promiscuous nature of chemokine
ligands and receptors is CCR6 (Zaballos et al., 1996), pressed near the boundary of the lumen of the small
intestine and Peyer's patch (Figure 1B). Higher magnifi-which has only one known ligand, MIP-3a (Rossi et al.,
1997), also known as LARC (Hieshima et al., 1997), Exo- cation revealed that MIP-3a mRNA was restricted al-
most exclusively to the epithelium separating Peyer'sdus (Hromas et al., 1997), and recently given the name
of CCL20 in the new chemokine nomenclature system patches from the lumen of the small intestine (Figure
1C, note black dots in region marked Ep). Almost no(Zlotnik and Yoshie, 2000). In humans, MIP-3a is ex-
pressed in the epithelial crypts of inflamed tonsils and MIP-3a mRNA was seen in the underlying subepithelial
dome (SED) or in the epithelium associated with the villithe appendix (Dieu et al., 1998), and in the mouse it is
expressed in intestinal epithelium (Tanaka et al., 1999). of the small intestine. A similar analysis of CCR6 mRNA
revealed that it was also localized near the junction ofHuman CCR6 expression was originally demonstrated
in dendritic cells, spleen, thymus, small intestine, and the intestinal lumen and the Peyer's patch, but in a
pattern more diffuse than that seen with MIP-3a (Figureperipheral blood leukocytes (PBL) (Greaves et al., 1997;
Power et al., 1997) and later shown to be expressed in 1D). High magnification revealed that unlike MIP-3a
mRNA, most of the CCR6 message was not localizedB cells and memory T cells, including a4b7-expressing
cells (Liao et al., 1999). The expression patterns of CCR6 within epithelial cells but rather within the cells of the
SED (Figure 1E). Thus, MIP-3a and CCR6 are expressedand MIP-3a suggest that these molecules might mediate
migration of dendritic cells or lymphocytes during sys- in separate but adjacent cell populations within the Pey-
er's patch, suggesting that MIP-3a might have a para-temic or mucosal immune responses.
To investigate the role of CCR6 in vivo, we cloned the crine function.
murine CCR6 gene and studied its expression pattern
and that of murine MIP-3a. MIP-3a is expressed in the
epithelium of Peyer's patches, whereas CCR6 is ex- Generation and Analysis of CCR6 Homozygous
Null Micepressed in a separate but adjacent population of cells
within the SED. To investigate the biologic function of To investigate the biologic function of CCR6 in vivo, we
used gene targeting in embryonic stem (ES) cells toCCR6 in Peyer's patch, we generated CCR6-deficient
mice (CCR62/2) by targeted gene disruption. Analysis generate a deletion encompassing most of the CCR6
coding region (Figures 2A±2C). Matings between CCR6of these mice by flow cytometry, immunohistology, and
oral immunization studies revealed that CCR6 is a mu- heterozygotes (CCR61/2) obtained from ES cell±derived
chimeras yielded offspring in a Mendelian proportioncosa-specific regulator of humoral immunity and lym-
phocyte homeostasis in the small intestine. of wild-type (CCR61/1), CCR61/2, and homozygous null
(CCR62/2) genotypes. The CCR62/2 mice appeared
healthy and bred well. Northern blot analysis of splenicResults and Discussion
RNA confirmed that CCR6 mRNA was absent in the
CCR62/2 mice (data not shown). In addition, radiola-MIP-3a and CCR6 Are Both Expressed
beled MIP-3a bound to membranes prepared from thein Peyer's Patches
spleens of wild-type mice but not to those of CCR62/2The murine CCR6 cDNA was cloned from the mouse
mice (Figure 2D). These data confirm that the CCR62/2spleen using a touchdown PCR strategy (Don et al.,
mice are functionally null for CCR6 and also demonstrate1991) that employed degenerate oligonucleotides based
that no other receptor in the murine spleen binds MIP-on the DNA sequence of the human CCR6 gene. A por-
3a with high affinity. No gross abnormalities were appar-tion of the cloned murine CCR6 gene was used as a
ent in any major organs of the CCR62/2 mice, and allprobe in Northern blot analysis of 19 different mouse
tissues, including Peyer's patches and the small intes-organs. This analysis revealed high levels of CCR6
tine, appeared normal by light microscopy. There weremRNA in Peyer's patches, spleen, and lymph nodes,
no baseline differences between CCR62/2 and wild-typewith lower amounts in the thymus, testes, and spinal
mice in the number and cellularity of Peyer's patchescord (Figure 1A). This expression profile is generally
nor in the relative number of cells in various leukocytesimilar to that previously shown for human CCR6
subsets in the spleen, blood, peripheral lymph nodes,(Greaves et al., 1997; Power et al., 1997). Analysis of
thymus, and bone marrow (data not shown). Thus, CCR6MIP-3a mRNA revealed that Peyer's patches are the
is not required for the development of any major leuko-only tissue in which this chemokine is highly expressed,
cyte populations, including DC, as determined by stain-although lower levels are present in the large intestine
and spinal cord. Constitutive MIP-3a expression was ing for CD11c, CD11b, and CD8a.
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Figure 1. Analysis of CCR6 and MIP-3a Ex-
pression in the Mouse
(A) Northern RNA blot of MIP-3a (top panel)
and CCR6 (bottom panel) mRNAs. Abbrevia-
tions: ad, adrenal; PP, Peyer's patch; ut,
uterus; st, stomach; ov, ovary; lu, lung; br,
brain; th, thymus; k, kidney; m, skeletal mus-
cle; sp, spleen; h, heart; s.i., small intestine;
l.i., large intestine; te, testes; bm, bone mar-
row; sc, spinal cord; li, liver; ln, lymph nodes.
(B±E) In situ hybridization of Peyer's patch
with an antisense probe corresponding to
MIP-3a (B and C) and CCR6 (D and E). Magni-
fication: (B) and (D), 103; (C) and (E), 603. No
specific signal was seen with control (sense)
probes. Labeled are PP, Peyer's patch; V, villi;
SED, subepithelial dome; Ep, epithelium.
Analysis of Dendritic Cells in Peyer's Patch in this tissue (Kelsall and Strober, 1996), did not reveal
differences between wild-type mice and CCR62/2 miceCCR6 is expressed in immature DC derived from CD341
bone marrow cells (Dieu et al., 1998). The high expres- (Figures 3C and 3D). Similarly, staining for Thy-1 was
comparable in both groups of mice, and IgD/IgM stain-sion of MIP-3a in the epithelium of Peyer's patches and
of CCR6 in cells of the underlying DC-rich SED suggests ing did not reveal marked abnormalities in germinal cen-
ter formation of CCR62/2 mice (Figures 3E and 3F).that DC might be recruited to the SED by this ligand±
receptor pair. To test this possibility, we performed The absence of the CD11c1CD11b1 DC subset in the
SED of Peyer's patches suggested that immune re-immunohistological analysis of Peyer's patches from
CCR62/2 mice using antibodies directed against CD11c sponses and lymphocyte homeostasis might be altered
in CCR62/2 mice. To test this possibility, we first con-and CD11b. Antibodies to CD11c detect most types of
dendritic cells, and cells staining with antibodies to ducted flow cytometric analyses of cells in the small
and large intestine using a panel of antibodies includingboth CD11c and CD11b represent myeloid-derived DC.
In wild-type mice, both CD11c1 CD11b2 (red) and those directed against B220, CD5, CD45, TCRab,
TCRgd, CD4, CD8a, CD8b, Thy1.2, CD69, Gr-1, CD11b,CD11c1CD11b1 costaining (yellow) cells were seen in
the SED (Figure 3A). Examination of CCR62/2 mice re- and CD11c. Several statistically significant differences
were noted in the epithelium of the small intestine ofvealed that although CD11c1CD11b2 cells were present
in the SED, cells staining for both CD11c and CD11b CCR62/2 mice compared to wild-type mice, including a
2-fold increase in the total number of total lymphocyteswere not detected (Figure 3B). This finding demon-
strates that CCR6 expression is required for localization and T cells as judged by CD45 and Thy1.2 staining,
respectively (Figure 4A). This modest increase in totalof this DC subset to the SED and suggests that lymphoid
epithelium-derived MIP-3a might directly mediate this lymphocytes was due to much larger relative increases
in several subpopulations of lymphocytes. For example,recruitment.
To determine whether the absence of CD11c1CD11b1 in the epithelium, activated T cells (Thy1.21CD691) were
increased 6-fold, CD41 cells were increased 9-fold, andDC in the SED of CCR62/2 mice was associated with
other cellular localization or developmental abnormali- CD41CD81 double-positive cells were increased more
than 10-fold in CCR62/2 mice compared to wild-typeties in Peyer's patches, we performed additional immu-
nohistologic studies of this tissue. Staining for DEC 205, mice. Analysis of T cell receptor expression revealed
that TCRab T cells contribute to the majority of thisa molecule found on DC within T cell regions of Peyer's
patch and thought to be associated with DC maturation increase; there was a small increase in TCRgd cells in
Immunity
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Figure 2. CCR6 Gene Targeting
(A) The targeting construct. The neomycin resistance gene (neo) is
flanked by a 5.5 kb and a 1.1 kb DNA fragments from the CCR6
Figure 3. Confocal Analysis of Cell Populations in Peyer's Patchlocus.
The antibodies used are as follows: (A and B) CD11b (green) and(B) CCR6 locus. Restriction sites shown are HindIII (H), BamHI (B),
CD11c (red), double-positive cells stain yellow; (C and D) IgD (green),and NotI (N). Sizes are in kilobases. The single CCR6 exon is shown
DEC 205 (red), and Thy-1 (blue); (E and F) IgD (green), IgM (red),by a black rectangle and an arrow indicates the direction of tran-
and Thy-1 (blue). Wild-type mice, (A, C, E); CCR62/2 mice, (B, D, F).scription.
(C) Structure of the targeted locus. The sizes of the expected frag-
ments are shown in kilobases. Arrowheads represent the primers
shown). These data suggest that the changes seen inused in a polymerase chain reaction (PCR) to identify targeted ES
the intestinal mucosa do not result from dysregulatedcell clones. The probe used for Southern blot confirmation of tar-
geted clones is shown. proliferation of these cells outside the mucosa.
(D) Analysis of MIP-3abinding. Radiolabeled MIP-3a was incubated Despite the increase in the number of ab-TCR,
with membranes of splenocytes from wild-type and CCR62/2 mice. CD41CD81, and CD8a1b1 T cells in the small intestine
of CCR62/2 mice, no foci of inflammation in the large
or small intestine were apparent by light microscopicCCR62/2 mice, but this difference was not statistically
significant. Similar studies performed with cells pre- analysis. To determine the distribution pattern of a lym-
phocyte population that was overrepresented in thepared from the lamina propria revealed that the number
of T lymphocytes were increased in this tissue as well, CCR62/2 mice, we performed immunohistologic analy-
sis of the small intestine using an anti-CD8b antibody.although the number of B cells as determined by B220
staining was unchanged (Figure 4B). Thus, CCR62/2 This antibody was chosen because it recognizes cells
expressing the CD8ab heterodimer but not the CD8amice had increases in T lymphocytes within the entire
mucosa of the small intestine. homodimer. These experiments confirmed the increase
in CD8a1b1 cells seen by flow cytometry and furtherNo changes in lymphocyte populations were noted in
the mucosa of the large intestine (data not shown). This revealed that these cells were distributed throughout
the small intestine in a diffuse pattern (Figure 4C). Thismay be due to the fact that unlike the small intestine,
the large intestine does not express high levels of CCR6 low-grade lymphocytic infiltration in the small intestine
has some similarities to that seen in humans with celiac(Figure 1A). Analysis of mesenteric lymph nodes re-
vealed that, as seen with the blood, bone marrow, and disease, or sprue (reviewed recently in Strober and Fuss,
1999), shortly after exposure to the wheat-derived pro-peripheral lymph nodes, CCR62/2 mice did not differ
from wild-type mice with regard to TCRab cells, CD41 tein gluten. We do not yet know whether the increase
in CD8a1b1 cells, CD41CD81 cells, and ab-TCR cellsCD81 double-positive cells, or CD8a1b1 cells (data not
Altered Mucosal Immunity in CCR6-Deficient Mice
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Figure 4. Flow Cytometric Analysis of T Lym-
phocytes in Intestinal Mucosa
The absolute numbers of the indicated lym-
phocyte subsets are shown for intestinal epi-
thelium (A) and lamina propria (B). Data shown
are representative of a minimum of three ex-
periments. p values (two-tailed t test) for all
cell populations shown are less than 0.05
except for TCRgd cells and B220 cells.
Wild-type mice, closed rectangles; CCR62/2
mice, open rectangles. (C) Immunohistologic
staining of CD8b-expressing IEL. Represen-
tative longitudinal (top panel) and cross (bot-
tom panel) sections of wild type (1/1) and
CCR62/2 mice (2/2) are shown.
seen in the CCR62/2 mice is associated with the pres- from the lamina propria and in cells prepared from Pey-
er's patches. Both IgA and IgG isotypes were affected,ence of a sensitizing food antigen in their diet.
and similar findings were seen whether KLH- or CT-
specific antibody-producing cells were assayed. Thus,
CCR62/2 Mice Have a Diminished Humoral Response the CCR62/2 mice have a markedly diminished humoral
to Orally Administered KLH response to orally administered antigen.
The cellular changes seen in both Peyer's patches and
the mucosa of CCR62/2 mice suggested that CCR6
might function in the immune response in the intestinal CCR62/2 Mice Have a Normal Systemic Response
to Oral and Subcutaneous Antigenmucosa. To test this possibility, we orally immunized
wild-type and CCR62/2 mice with keyhole limpet hemo- To test the possibility that the diminished humoral re-
sponse seen in the intestinal mucosa of CCR62/2 micecyanin (KLH) together with the adjuvant cholera toxin
(CT) and measured the number of KLH- and CT-specific resulted from a general immune defect, we conducted
three different experiments. First, we measured theantibody-producing cells in Peyer's patches and the
lamina propria (Table 1). number of KLH-specific antibody-producing cells in
the spleens of orally immunized mice (Table 1). TheCCR62/2 mice had markedly fewer antigen-specific
antibody-producing cells than did wild-type mice (Ta- responses of CCR62/2 and wild-type mice were indistin-
guishable in this assay, suggesting that the CCR62/2ble 1). This reduction was seen both in cells prepared
Immunity
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Table 1. KLH- and CT-Specific Ig-Producing Antibody Cells in Orally Immunized Mice
Antigen-Specific Antibody-Producing Cells/106 Cells
Antigen Organ Ig Wild Type CCR62/2 p
KLH LP IgA 121 6 66 24 6 5 0.18
KLH LP IgG 29 6 6 11 6 3 ,0.04
KLH PP IgA 27 6 5 6 6 2 ,0.006
KLH PP IgG 9 6 1 2 6 0.5 ,0.002
KLH Spleen IgA 6.7 6 1.5 6.3 6 3.2 0.88
KLH Spleen IgG 5.7 6 1.5 7.3 6 2.1 0.33
CT LP IgA 1344 6 202 350 6 104 ,0.003
CT LP IgG 307 6 73 49 6 20 ,0.01
CT PP IgA 80 6 14 26 6 6 ,0.01
CT PP IgG 34 6 4 21 6 4 ,0.05
CT Spleen IgA 21 6 11.8 12 6 6.2 0.31
CT Spleen IgG 17 6 6.1 19.7 6 9.1 0.69
A sandwich ELISA using KLH-coated plates was used to detect cells that produce IgA or IgG antibodies specific for KLH or CT. Values
represent the mean of five groups of three mice 6 standard deviation. p values were calculated using the Student's t test.
mice have a normal systemic immune response to orally Analysis of stools of infected mice revealed that in wild-
type mice, rotavirus-specific antibodies were initiallyadministered antigen. We also injected KLH subcutane-
ously and measured levels of total serum Ig and KLH- produced at significant levels at day 6 postinfection
(p.i.), with increasing amounts seen at each day thereaf-specific Ig. No differences were seen between wild-type
and CCR62/2 mice in total or KLH-specific IgG1, IgG2a, ter. CCR62/2 mice responded to the infection with similar
kinetics, but they had significantly less rotavirus-spe-IgG2b, or IgA. Total IgM levels were also unchanged,
although increased levels of KLH-specific antibodies cific IgA than infected control mice at each time point
tested (Figure 6A). The amount of total, nonspecific IgAwere seen in CCR62/2 mice. They also had decreased
levels of both total and KLH-specific IgG3 (Figure 5). did not differ between the two groups (data not shown),
indicating that the difference in rotavirus-specific anti-Finally, in a KLH-induced model of delayed type hyper-
sensitivity, no differences in footpad swelling were seen bodies was not due to a general reduction in IgA synthe-
sis in CCR62/2 mice. To determine whether the systemicbetween CCR62/2 and wild-type mice (data not shown).
Thus, with the exceptions of IgG3 production, and KLH- response to rotavirus differed between the two groups
of virus-challenged mice, serum levels of anti-rotavirus-specific IgM levels, we did not find marked abnormalities
in the systemic immune response to KLH in CCR62/2 specific IgG were assayed. No difference between wild-
type mice and CCR62/2 mice was seen (Figure 6B). Thus,mice, suggesting that they have a mucosa-specific de-
fect in their humoral response to orally administered when orally challenged with either an antigen (KLH) or
with a pathogen (rotavirus), the CCR62/2 mice had aantigen.
normal systemic immune response but an impaired mu-
cosal production of antigen-specific IgA.CCR62/2 Mice Have a Diminished Iga Response
to Rotavirus
The diminished humoral response to KLH and the dys- Delayed Clearance of Rotavirus in CCR62/2 Mice
To test whether the reduction in virus-specific IgA inregulated lymphocyte population in the intestinal mu-
cosa of the CCR62/2 mice suggested that they might CCR62/2 mice was associated with increased levels of
rotavirus, stools of infected mice were assayed foralso have an impaired response to an enteric pathogen.
CCR62/2 and wild-type mice were therefore infected the presence of shed virus. No differences between
CCR62/2 mice and wild-type mice were seen in viralwith a murine strain of rotavirus, a pathogen that primar-
ily infects the small intestine (Greenberg et al., 1994) levels during the first 4 days of the infections. However,
the CCR62/2 mice had a 2-fold increase in virus levelsand which is responsible for up to a million annual deaths
of infants and children worldwide (Glass et al., 1994). at day 5 (p , 0.002) and day 6 (p , 0.03) p.i. (Figure
Figure 5. Ig in Serum of KLH-Immunized
Mice
Wild-type mice (closed rectangles) and
CCR62/2 mice (open rectangles) were immu-
nized with KLH, and serum Ig levels deter-
mined. (A) Total Ig. (B) KLH-specific Ig. An
asterisk denotes differences between wild-
type and CCR62/2 mice in which p , 0.05.
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result from the loss of function of a single cell type or
of multiple cell types. One obvious possibility is that
CD11c1CD11b1 DC regulate the immune response of
the mucosa, and their absence in the SED of CCR62/2
mice is sufficient to result in the changes in lymphocyte
populations seen in these mice. This notion is consistent
with the finding that compared to DC isolated from the
spleen, DC from Peyer's patch produce higher levels of
IL-10, promote B cell production of IgA, and induce
higher production of Th2-associated cytokines (Iwasaki
and Kelsall, 1999). Alternatively, it is possible that the
absence of CCR6 on T or B lymphocytes results in de-
fects of activation or migration of these cells, thereby
contributing to the changes seen in the mucosa of
CCR62/2 mice.
In humans, specific phenotypes have been ascribed
to individuals having naturally occurring mutations in
other chemokine receptor genes, including CCR5 (Smith
et al., 1997) and DARC (Horuk et al., 1993). This allelic
heterogeneity in human chemokine genes suggests that
different human CCR6 alleles might also exist. If so, it
will be of interest to determine whether some of these
alleles are associated with an altered mucosal immune
function similar to that seen in CCR62/2 mice.
Experimental Procedures
Cloning of Murine CCR6
A portion of the murine CCR6 cDNA was cloned from mouse spleen
cDNA (Clontech) by a ªtouchdownº polymerase chain reaction (PCR)
strategy using two degenerate primers, 59-TAYATHGCNATHGT
NCA-39 and 59-GGRTTNAARCARCARTG-39. The sequence of these
primers was designed based on the sequence of the human CCR6
gene (Genbank accession number U45984). Cycling conditions were
as follows: 7 cycles of 948C for 1 min, 558C±438C annealing for 1 min,
decreasing by 28C per cycle, 728C for 2 min, followed by 28 cycles
of 948C for 1 min, 558C annealing for 1 min, and 728 for 2 min.
Gene Targeting
Oligonucleotide primers (59-GTTGACCGCAGTCACGAGGAGGA-39
and 59-CAGGATCGTGATGTCTGTGAGCCA-39) based on the cloned
murine cDNA were used to obtain a bacterial artificial chromosome
Figure 6. Rotavirus Infection (BAC) containing the CCR6 genomic DNA (Genome Systems, St.
Mice were infected with 1 3 105 50% diarrhea dose (DD50) of murine Louis, MO). An 8 kb fragment bounded by HindIII enzyme recognition
rotavirus strain EC and assayed for level of intestinal anti-rotavirus sites was subcloned into the pBluescript vector. DNA fragments
IgA (A), anti-rotavirus serum IgG (B), and rotavirus (C) antigen in corresponding to the 59 and 39 regions of the CCR6 locus were in
stools as previously described (RoseÂ et al., 1998). Data shown for turn subcloned from this plasmid at either end of the neomycin
IgA and IgG is from one of two representative experiments (n 5 resistance gene (neo) contained within the pOSDupDel vector. This
8/group) having similar results. For antigen, data shown represents targeting vector DNA was linearized using the restriction enzyme
pooled results (n 5 16/group) of two experiments. Wild-type mice, NotI prior to its introduction into ES cells by electroporation. DNA
closed dots and rectangles; CCR62/2 mice, open dots and rect- from candidate cell lines were initially screened using a PCR strategy
angles. using one primer corresponding to the neo gene (59-ACGCGTCACC
TTAATATGCG-39) and another primer corresponding to a region
in the CCR6 locus that is upstream of the 59 region of homology
(59-GTGCCTTCAGAGGCCAGAATAG-39). DNAs that yielded the diag-6C), the time at which rotavirus-specific IgA can be de-
nostic PCR product were further analyzed by Southern blotting.tected in stools. Interestingly, B cell±deficient mice that
DNAs were cleaved with the enzymes HindIII and BamHI, transferred
cannot make IgA do not shed excess rotavirus during to nylon membranes and hybridized to a radiolabeled DNA probe
a primary infection (Franco and Greenberg, 1995) be- derived from a region is upstream of the 59 region of homology.
cause T cells can also mediate viral clearance. Thus, Cells whose DNAs were of the structure predicted for the targeted
locus were used to generate chimeric mice using standard blasto-the increase in viral shedding seen in the CCR62/2 mice
cyst injection procedures.suggests that CCR6 may have a role in mucosal immu-
nity beyond IgA production.
MIP-3a Binding AssaysTaken together, the data presented here demonstrate
Spleens were washed with ice-cold PBS, homogenized, and debristhat CCR6 functions in the humoral response in the
removed by centrifugation at 10,000 3 g. Cell membranes were
intestinal mucosa, and is required for lymphocyte ho- collected by centrifugation at 100,000 3 g and resuspended in PBS
meostasis in the mucosa of the small intestine. It is not to a concentration of 10 mg/ml. Membrane (20 mg) was incubated
in a volume of 0.1 ml with 0.05 nM 125I-radiolabeled MIP-3a for 2 hryet clear whether the changes seen in CCR62/2 mice
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at 258C. The membranes were then filtered through a GF/C filter CD4, CD8a, CD8b, CD3, CD11c, CD45, B220, Gr-1, NK1.1 TCRab,
TCRgd (PharMingen), and DEC-205 (Bachem). Cells were gated onplate using a Tomtec Harvester, washed with 10 ml PBS, and bound
MIP-3a measured by scintillation counting in a Packard microplate CD45, and data were collected on a FACScan (Becton Dickson) and
analyzed using CellQuest software. The total cell number for eachcounter (TopCount).
population was calculated based on total cells recovered, percent-
age of CD45 cells, and percentage of CD45-gated cells stainingMice
with the various antibodies.All experiments in which animals were used were conducted in
accordance with the institutional guidelines of Schering Plough and
Stanford University. Age- and sex-matched 129 SvE 3 C57BL/6 F2 Immunohistology
control mice (CCR61/1) were derived from the same 129 SVE± CD8b staining of the small intestine was done as follows. Fresh
derived ES cell clone as the CCR62/2 mice and were bred in the frozen 8±10 mm sections were fixed with ice-cold acetone for 10
same colony under identical conditions. min and air dried. Sections were blocked with sequential treatment
of biotin/avidin blocking kit (Vector, Burlingame, CA), 3% H2O2, and
10% normal mouse serum (Vector) for 15 min each. Sections wereNorthern Blot Analysis
incubated with anti-CD8b antibody (PharMingen) at 0.5 mg/ml for 1RNA was isolated using RNA STAT-60 reagent (TEL-TEST, Friends-
hr at room temperature, then with a biotinylated mouse anti-ratwood, TX) according to the manufacturer's specifications. Total RNA
IgG1/IgG2 (PharMingen) for 30 min, and finally stained using a Vec-was fractionated by agarose formaldehyde gel electrophoresis and
tastain Elite ABC kit (Vector) according to the manufacturer's specifi-transferred to Duralon-UV nylon membranes (Stratagene) according
cations. All dilutions were done in 13 PBS and 0.1% SDS. Stainingsto the manufacturer's protocol. 32P-dCTP (Amersham)-labeled DNA
using the antibodies anti-Mac-1 (CD11b)-FITC (10 mg/ml; clone M1/probes were generated from the entire MIP-3a coding regions and
70, PharMingen) anti-CD11c-biotin (10mg/ml; clone HL3, Phar-from a NdeI fragment containing part of the CCR6 cDNA by random
Mingen), anti-IgD-FITC, anti-IgM-biotin, and Thy-1-Cy5 were per-oligonucleotide-priming using the Prime-It II kit (Statagene). Unin-
formed as previously described (FoÈ rster et al., 1999). Biotin wascorporated nucleotides were removed using a G-50 spin column
revealed by applying streptavidin-Alexa-Fluor 568 (6mg/ml; Molecu-(Amersham-Pharmacia), and the probe was hybridized to the mem-
lar Probes). Signal enhancement of NLDC-145 (DEC-205) mAb wasbrane-immobilized RNA at 688C using ExpressHyb buffer (Clontech)
done using the tyramide signal amplification (NEN DuPont).according to the manufacturer's specifications.
KLH Oral ImmunizationsIn Situ Studies
Fifteen male mice per genotype were gavaged with 3% NaHCO3,A 228 bp fragment corresponding to the 39 region of CCR6 was
10mg CT (List Biologicals) and 2.5mg KLH (Cal Biochem, CA) in 0.5subcloned into pBluescript ks II. 33P-labeled antisense RNA probes
ml PBS. Mice were re-immunized in the same manner three morefrom this region of CCR6 and from the entire MIP-3a cDNA were
times, with 10 days between immunizations. Six days after the lastgenerated using the Riboprobe Gemini system (Promega, Madison,
immunization, lymphocytes were harvested from spleens, Peyer'sWI). The probes were hybridized with 10 mM sections of frozen
patches and LP. Cells from groups of 3 animals were pooled andtissue as previously described (Zhang et al., 1997). Slides coated
analyzed separately. Cells were plated onto KLH- or CT-coatedwith Kodak NTB2 emulsion were developed after 2 weeks. No signal
Millipore 96 well multiscreen filtration plates (HA 0.45mm ± MAHAabove background was observed in control hybridization experi-
N45 50) in quadruplicate for 3 hr at 378C, then washed three timesments done using sense probes.
with PBS and three times with PBS-0.05% Tween 20. Ten microliters
of a 1:500 solution of goat anti-mouse IgA conjugated to horseradishCell Preparations
peroxidase was added and incubated 15 hr in a humidified atmo-Fat and Peyer's patches were removed from small intestines, and
sphere. Plates were then washed four times with PBS and incubatedthe fecal contents flushed out with PBS. The intestines were then
with 100 ml/well of 0.4mg/ml 3-amino-9-ethylcarbazole in 50 mMcut lengthwise to expose the epithelium. Intestines from pools of
acetate buffer (pH 5.0) containing 0.15% H2O2 for 20 min, thentwo mice were washed twice with 30 ml ice-cold calcium- and mag-
washed with H2O. Spots were counted using a microscope.nesium-free (CMF) PBS containing 1% fetal calf serum (FCS), then
rinsed quickly with cold CMF PBS containing 5% FCS, 5mM EDTA.
Serum Ig AnalysisThe preparations were then incubated in 30ml RPMI containing 5%
ELISA assays for total serum Ig levels were run using antibodyFCS, 5mM EDTA at 378C for 20 min. After pouring off the superna-
pairs purchased from PharMingen (San Diego, CA), following thetant, the intestines were incubated a second time for 20 min at 378C
manufacturer's guidelines. Anti-mouse IgM (clone 11/41), anti-in 30 ml RPMI containing 5% FCS, 5mM EDTA. The cells contained
mouse IgA (clone R5±140), anti-mouse IgG1 (clone A85±3), anti-in the supernatants from both incubations were pooled and poured
mouse IgG2a (clone R11±89), and anti-mouse IgG2b (clone R9±91)through a 100 mM nylon mesh, then centrifuged for 15 min at 1000
were used as capture antibodies. Purified mouse IgM (clone G155±RPM. This cell pellet was suspended in 3 ml of 1.058 density Percoll
228), IgA (clone M18±254), IgG1 (clone107.3), IgG2a (clone G155±solution and overlaid onto 2 ml of 1.103 density Percoll. PBS (2 ml)
178), and IgG2b (clone 49.2) were used to generate standard curves.was layered on top of this. The gradient was centrifuged at 800 rpm
Biotin anti-mouse IgM (clone R6±60.2), biotin anti-mouse IgA (clonefor 20 min at room temperature, without brake. Banded cells at the
R5±140), biotin anti-mouse IgG1 (clone A85±1), biotin anti-mouse1.058/1.103 Percoll interface were excised using an 18G needle,
IgG2a (clone R19±15), and biotin anti-mouse IgG2b (clone R12±3)dispersed through a 40 mM mesh into 40 ml PBS supplemented
were used as detection antibodies.with 5% FBS, and centrifuged at 1000 RPM for 10 min. Finally, these
For detection of KLH-specific Ig, mice were immunized with 100cells (IEL) were counted and resuspended at 107/ml PBS with 1%
mg of KLH in complete Freund's adjuvant, boosted three weeksBSA, 2% sodium azide.
later with 100 mg in incomplete Freund's adjuvant, and bled 1 weekTo isolate LPLs, the intestines from the first two incubations were
thereafter. Plates were coated with KLH and blocked, and appro-rinsed in RPMI supplemented with 5% FCS and then incubated
priate dilutions of serum samples were added. After overnight incu-twice in RPMI containing 5% FCS, 10 mM HEPES, 1 mM MgCl2, 1.8
bation and washing, biotinylated anti-mouse immunoglobulin iso-mM CaCl2, 0.2 mg/mL collagenase D (Boehringer Mannheim), 1.0
types (PharMingen) were added. After an additional 2 hr incubationmg/ml hyaluronidase (sigma), and 35 U/ml DNase I (Sigma) for 30 min
followed by washing, peroxidase-labeled aviden (Sigma) was added,at 378C. Supernatants from each incubation were pooled, filtered,
followed by TMB and stop solution (Kirkegaard and Perry). Platescentrifuged, banded in Percoll gradients, and collected as described
were read at 450 nm and results expressed as OD readings for eachfor the preparation of IEL.
group.
Flow Cytometric Analysis
Cells were blocked with 5 mg/ml Fc block (PharMingen), 300 mg/ml Rotavirus Infections
Rotavirus infections were performed and virus and antibody in themouse IgG (Pierce), and 10% rat serum (Pierce), then stained with
PE- or FITC-conjugated monoclonal antibodies directed against stool prepared and analyzed as described previously (RoseÂ et al.,
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1998). The DD50 unit is calculated based on the amount of virus K., Bell, G., Takeda, J., Aronica, S., Gordon, M., Cooper, S., Brox-
meyer, H., and Klemsz, M. (1997). Cloning and characterization ofrequired to induce diarrhea in 50% of suckling pups; the viral innocu-
lum used in the present experiments does not cause diarrhea in exodus, a novel b-chemokine. Blood 89, 3315±3322.
adult mice. Iwasaki, A., and Kelsall, B. (1999). Freshly isolated Peyer's patch,
but not spleen, dendritic cells produce interleukin 10 and induce
the differentiation of T helper type 2 cells. J. Exp. Med. 190, 229±239.Acknowledgments
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